Among the main goals of quantum science is the control of nano-and micromechanical oscillators at the quantum level. One powerful and well-developed tool for this purpose is quantum optomechanics: the study and engineering of the interaction of light with mechanical systems via radiation pressure. 1 This interaction can, for instance, be used to cool a nano-or micromechanical oscillator to the ground state, thus counteracting thermalization and decoherence. 2 Given that many optomechanical effects can be interpreted in terms of nonlinear quantum optics, quantum control protocols are already at hand and only need an appropriate translation.
Among the main goals of quantum science is the control of nano-and micromechanical oscillators at the quantum level. One powerful and well-developed tool for this purpose is quantum optomechanics: the study and engineering of the interaction of light with mechanical systems via radiation pressure. 1 This interaction can, for instance, be used to cool a nano-or micromechanical oscillator to the ground state, thus counteracting thermalization and decoherence. 2 Given that many optomechanical effects can be interpreted in terms of nonlinear quantum optics, quantum control protocols are already at hand and only need an appropriate translation.
In the last two decades, a variety of interesting applications in quantum optomechanics have been proposed. An example is the generation of entanglement-a key resource in quantum information processing-between radiation and a moving mirror in a Fabry-Perot (FP) cavity. 3 Another example is the generation of position-squeezed mechanical states, helpful in increasing the precision of interferometry and detection experiments. 4 But successful implementation of many of these applications has proven elusive, mainly because the level of light/matter interaction attained to date has frequently been insufficient to enter the so-called strong coupling regime. 5 What is needed is a way to enhance the visibility of the desired quantum properties using today's technology.
A solution first proposed by Mari and Eisert 4 would apply periodic modulations to certain system parameters. The resulting modulation induced on the system response could show a periodic strengthening of quantum effects. That being so, are there optimal modulations for which this increase is maximal? And would modulating more than one parameter at once produce a substantial improvement?
To tackle these issues in a realistic way, we consider the simple case shown in Figure 1 . It consists of an FP cavity with a movable mirror acting as a mechanical oscillator. The mirror's motion evolves under the action of both radiation pressure-exerted by the photons of an externally driven optical mode-and thermal noise. We first apply a modulation to the mechanical frequency, of the form
. We then add a second modulation on the input laser power
and study the interplay between the two. Fixing all parameters to state-of-the-art values, we simulate the system dynamics and characterize various quantum properties in the asymptotic stationary regime. 6 Starting with the single-modulation picture, we vary and 1 across a wide range of values and search for an optimal value Continued on next page 10.1117/2.1201207.004289 Page 2/3 for each. As the plots in Figure 2 show, a frequency of 1 2! 0 M gives the best performance at all strengths . Also obvious from the plots is the fact that quantum effects increase monotonically with respect to up to a threshold value, at which point the system becomes unstable. This behavior can be explained as a resonance between the modulation frequency 1 and the natural frequency of evolution of the system correlations, which for our case is close to 2! 0 M . When the modulation is too strong, the energy absorbed by the system is not compensated by dissipation, and the evolution has no asymptotic steady state. Comparison with the case D 0 shows that modulation can increase entanglement by a factor of up to three while generating considerable levels of squeezing, a feature that completely disappears when the modulation is turned off. Next, we modulate the input laser power and look for possible interference patterns between the two modulations. The modulation strengths and Á chosen produce comparable levels of squeezing when applied individually. We choose frequencies optimized at 1 D 2 D 2! 0 M . Figure 3 shows certain quantum properties as a function of relative phase . While entanglement is affected very little, we find rather drastic changes in the mirror squeezing and its energy, with evident constructive/destructive In summary, we have explored the capabilities of periodically modulated optomechanical systems and have shown how to exploit suitable modulation regimes to produce a strong increase in the visibility of quantum effects such as entanglement and squeezing. Next steps could include perfecting our analysis by revisiting our mathematical methods and contextualizing our work to a specific experimental setup: namely, levitated optomechanics, 7 a good candidate for future implementations.
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